Inhibition of angiogenesis has led to tumor suppression in several cancer models. Although administering purified recombinant antiangiogenic product is effective, alternative approaches through genetic manipulation may be more cost-effective. We propose to implant nonautologous recombinant cells secreting angiostatin for systemic delivery of angiostatin in cancer treatment. These cells are protected from graft rejection in alginate microcapsules to function as "micro-organs" to deliver angiostatin in vivo. This approach was tested by implanting encapsulated mouse myoblast C2C12 cells genetically modified to secrete angiostatin into mice bearing solid tumor. Angiostatin was detected in sera of the treated mice. Efficacy was demonstrated by suppression of palpable tumor growth and improved survival. At autopsy, angiostatin localized to residual tumors and high levels of angiostatic activity were detected in tumor extracts. Tumor tissues showed increased apoptosis and necrosis compared with those from untreated or mock-treated mice. Immunohistochemical staining against von Willebrand factor, an endothelial cell marker, showed that within tumors from the treated mice, the neovasculature was poorly defined by endothelial cells, many of which were undergoing apoptosis. However, the tumors eventually developed neovasculature independent of endothelial cells. Such vascular mimicry would account for the lack of long-term efficacy despite persistent angiostatin delivery. In conclusion, implantation with nonautologous microencapsulated cells is feasible for systemic delivery of angiostatin, resulting in localization of angiostatin to tumors and targeted apoptosis of the endothelial cells. Clinical efficacy was demonstrated by suppression of tumor growth and extension of life span. Although the potential of this cell-based approach for angiostatin-mediated cancer therapy is confirmed, long-term efficacy must take into account the possible escape by some tumors from angiogenesis inhibition.
INTRODUCTION M
ICROENCAPSULATION is an alternative approach to somatic gene therapy in which a therapeutic protein is delivered by encapsulated recombinant cells (Chang et al., 1999) . The microcapsules are designed to be permeable to the recombinant products and nutrients, but not to the host's immune mediators because of their larger size (Chang, 1995; Prakash and Chang, 1996; Rinsch et al., 1997; Cirone et al., 2001) . This form of gene therapy has been applied successfully to treat several mouse models of Mendelian inherited diseases including growth hormone deficiency in dwarfism (Al-Hendy et al., 1995) , b-glucuronidase deficiency in the lysosomal storage disease mucopolysaccharidosis type VII (MPSVII) (Ross et al., 2000a,b) , and factor IX deficiency in hemophilia B (Van Raamsdonk et al., 2002) .
Applying this strategy to the treatment of non-Mendelian disorders such as cancer is highly dependent on the nature of the cancer and the type of molecules chosen for tumor suppression (see review by Cirone et al., 2001) . Hence, delivery of a variety of effectors such as cytochrome P-450 enzymes, endostatin, and cytokines has been applied successfully for the treatment of various types of cancer (Kroger et al., 1999; Joki et al., 2001; Read et al., 2001) . In theory, this approach is particularly advantageous for the treatment of cancer with cytokines as it provides a constitutive and continuous source of the antineoplastic recombinant protein, thus circumventing the problems of toxicity and limited half-lives. However, when a cytokine fusion protein of interleukin 2 (IL-2) was delivered via microencapsulation, the proinflammatory nature of IL-2 was sufficient to prohibit extended delivery in vivo, thus limiting the efficacy to only short-term suppression of tumor growth (Cirone et al., 2002) . Hence, the inherent properties of this immune-isolated, nonautologous form of cancer therapy may be more suited to delivering other gene products that are better tolerated and nontoxic to the host. We postulate that antiangiogenic therapy suits the above-described criteria well and have sought to test the efficacy of such therapy based on the delivery of angiostatin.
The prominent role of angiogenesis has been well established in cancer progression and angiostatin is an important factor shown to inhibit neovascularization and growth of Lewis lung metastasis (O'Reilly et al., 1994) . Subsequent studies have shown that its antiangiogenic activity stems from kringle domains 1-3 (Cao et al., 1996) , which correspond to regions with tumor-suppressing activity . In vitro, angiostatin specifically reduces endothelial cell proliferation (Cao et al., 1996; Gately et al., 1996; Sim et al., 1997; Heidtmann et al., 1999; Morikawa et al., 2000) , migration (Gately et al., 1997; Claesson-Welsh et al., 1998; Stack et al., 1999) , as well as invasion and tube formation (Gately et al., 1996; Barendsz-Janson et al., 1998; Claesson-Welsh et al., 1998; Griscelli et al., 1998) . In vivo, angiostatin inhibits spontaneous angiogenesis in chick chorioallantoic membrane model assays (Sim et al., 1997) as well as basic fibroblast growth factor (bFGF)-induced corneal angiogenesis (Gately et al., 1996 (Gately et al., , 1997 Morikawa et al., 2000) . Recombinant angiostatin also inhibits primary tumor growth as well as angiogenesis-dependent growth of metastases in mice Gately et al., 1997; Lannutti et al., 1997; Sim et al., 1997; Wu et al., 1997; Cao et al., 1998; Kirsch et al., 1998; Griscelli et al., 2000; Sacco et al., 2000) .
In the present study, a C3H-derived mouse myoblast cell line, C2C12, was engineered to continuously secrete angiostatin and was encapsulated into alginate-poly-L-lysine-alginate (APA) beads. The resulting microcapsules were implanted into the peritoneal cavities of nonautologous C57BL/6 mice bearing solid B16-F0/neu melanoma tumors to investigate the ability of this system to suppress tumor growth.
MATERIALS AND METHODS

Cell lines
Mammalian expression plasmid pRC-CMV-AST (kindly provided by Y. Cao; Cao et al., 1998) encodes mouse kringle regions 1-4 of plasminogen with a hemagglutinin tag (HA) driven by a cytomegalovirus (CMV) promoter. A mouse myoblast cell line derived from C3H mice, C2C12 (CRL-1772; American Type Culture Collection [ATCC], Manassas, VA), was transfected with this plasmid using ExGen 500 according to the manufacturer's guidelines (Fermentas, Burlington, ON, Canada). Clones were screened for secretion of HA-tagged angiostatin by endothelial cell viability assay and confirmed with Western blot.
B16/F0/neu mouse cells used to generate tumors were as described previously (Cirone et al., 2002) . A minimal tumor dose of 5 3 10 6 cells per animal has been established by a minimal tumor dose experiment (data not shown).
Endothelial cell viability assay
Angiogenic activity was quantified by endothelial cell growth as described previously (O'Reilly et al., 1994; Cao et al., 1996 Cao et al., , 1998 Wu et al., 1997; Griscelli et al., 1998; Lucas et al., 1998; MacDonald et al., 1999; Moser et al., 1999) . Briefly, 3 3 10 5 human umbilical vein endothelial cells (HUVECs) were plated into a 24-well plate in culture medium (M199 medium supplemented with 20% fetal bovine serum [FBS] , 1% penicillin-streptomycin [P/S], and endothelial cell growth factor supplement [400 mg/ml]) (Sigma, Mississauga, ON, Canada) and incubated for 3 days with either medium from angiostatin-secreting cells, or serum, or tissue extract homogenized in homogenization buffer (25 mM Tris, 0.1 M NaCl, 0.2% Triton X-100, pH 7.6) at 1 ml of buffer per 100 mg of wet weight tissue. Viability of the HUVECs was determined by alamarBlue assay (AccuMed International, Microbiology Division, Westlake, OH) as per the supplier's instructions after the incubation. Rabbit angiostatin, a generous gift from M. Hatton (McMaster University, Hamilton, ON, Canada), was used as a standard.
Animals
Five-to 6-week old C57BL/6 (Charles River Laboratories, Wilmington, MA) female mice were used in accordance with Canadian Council on Animal Care guidelines. Serum from orbital bleeds or cardiac punctures was stored at 270°C until use.
The tumor model was developed by injecting 5 3 10 6 B16/neu cells into the left flank of mice. Tumor dimensions were measured with calipers to estimate the volume according to V 5 ab 2 /2, where a is the longest diameter and b is the shortest diameter (Heike et al., 1997) . Mice were killed with CO 2 once the tumor volume reached 1 cm 3 as per institutional guidelines for end-point criterion.
Microencapsulation
Alginate-poly-L-lysine-alginate (APA) microcapsules containing either parental C2C12 cells or the derivative C2C12-angiostatin-expressing cells (C2C12-AST) were constructed as previously described (Peirone et al., 1998; Van Raamsdonk and Chang, 2001) . Briefly, cells were resuspended in filtered 1.5% alginate (improved Kelmar, a gift from NutraSweet Kelco, San Diego, CA) at a concentration of 2 million cells/ml alginate solution, followed by a series of washes whereby coatings of poly-L-lysine and alginate were added. The resulting APA-microencapsulated cells were used immediately for implantation. Capsules were visually inspected to confirm their integrity and uniform diameters of ,400 nm.
Western blot analysis
Western blots were performed according to standard procedures (Sambrook et al., 1989) . Tissue extracts were prepared by brief sonication in homogenization buffer (as described above). Equal amounts of proteins in all samples, as determined by Bradford assay (Bio-Rad, Mississauga, ON, Canada), were loaded and confirmed by Ponceau S staining (Sigma) of the nitrocellulose membrane after electrophoresis and protein transfer. For the detection of angiostatin, a mouse anti-HA monoclonal primary antibody (Sigma) and an alkaline phosphatase-conjugated rabbit anti-mouse IgG (H1L) secondary antibody (Promega, Madison, WI) were used according to the manufacturer instructions, and visualized with standard 5-bromo-4-chloro-3-indolyl phosphate (BCIP)-nitro-blue tetrazolium (NBT) substrates (GIBCO-BRL/Invitrogen Life Technologies, Carlsbad, CA).
Histological analysis
Tissues were fixed and processed for paraffin sectioning and hematoxylin and eosin (H&E) staining by standard protocols (Histology Laboratory, McMaster University Hospital, Hamilton, ON, Canada). Mitotic and apoptotic indices were obtained by counting the corresponding cells in 10 high-power fields (HPFs; magnification, 3400) per given slide (or over the entire area of the section in the case of smaller tumors). This was repeated for five slides per animal (five mice per group). When the tissue area was less than 10 HPFs, the entire area was included. These indices were expressed as percent mitotic cells per total viable cells (per HPF) and apoptotic nuclei per total number or cells (per HPF). Necrotic index was determined by the percent necrosis over the entire tumor area.
Anti-von Willebrand factor immunohistochemistry
After paraffin-embedded sections were deparaffinized, antigen retrieval was performed by proteinase K treatment for 5 min followed by blocking of the endogenous peroxidase activity by a 5-min treatment with 3% H 2 O 2 (pharmacy grade). Primary antibody (rabbit anti-human von Willebrand factor [vWF] ; Dako, Mississauga, ON, Canada) was added at a 1:500 dilution (diluted in 0.1 M phosphate buffer supplemented with 5% goat serum as a block) followed by a secondary antibody (EnVision1, goat anti-rabbit IgG conjugated to peroxidase; Dako) and stained with liquid 3,39-diaminobenzidine (DAB) substrate-chromogen system (Dako) followed by counterstaining with hematoxylin.
The degree of vascularization was assessed by comparing the area of vascularization with the area of the tumor. Areas were digitally quantified by image capture of the entire tumor section with Image-Pro 6.0 software (Media Cybernetics, Silver Spring, MD). Viable and nuclear condensed (apoptotic) endothelial cells were counted per sectional area of tumor. Apoptosis measurements were validated with the TumorTACS in situ apoptosis detection kit (R&D Systems, Minneapolis, MN). Values were reported as number of cells per sectional area of tumor.
RESULTS
Mouse C2C12 myoblasts were transfected with the plasmid pRC-CMV-AST encoding angiostatin cDNA fused to an HA tag (Cao et al., 1998) . Forty clones (total screened, 48) positive for antiangiogenic activity against cultured HUVECs were examined by Western blot against the HA tag of the transgene product ( Fig. 1) . A positive band was found only in pRC-CMV-AST-transfected cells (C2C12-AST) running at approximately 55 kDa as expected of the angiostatin fusion protein.
Cells from the clone expressing the highest level of antiangiogenic activity were microencapsulated into alginate-poly-Llysine-alginate microcapsules. To determine whether angiostatin expression levels from these encapsulated cells may change after implantation, we implanted encapsulated C2C12-angiostatin cells into the peritoneal cavities of normal C57BL/6 mice. Mice were killed each week and microcapsules were retrieved and analyzed for viability and transgene expression. On microcapsule retrieval, no gross anatomical signs of fibrosis or acute inflammatory responses were observed around the implanted encapsulated C2C12-angiostatin cells. Determination of cell number by alamarBlue reagent had shown an increasing number of viable cells throughout the 3-week experiment (Table 1) planted encapsulated cells showed less angiostatin expression (3.78 pg/cell), as was normally observed immediately after the encapsulation process, but throughout the ensuing 3 weeks the expression level remained constant (6.08-8.55 pg/cell). Furthermore, there was no significant difference in the rate of angiostatin secretion between the in vitro and in vivo group over the 3-week period even though the encapsulated cells in the in vivo group showed higher levels of proliferation on all days examined. Therefore, angiostatin expression remained constant and stable over the intended prolonged period of implantation both in vitro and in vivo, whereas the in vivo environment was more conducive to sustained cell proliferation. To confirm that this delivery system was sufficient to deliver angiostatin systemically, we implanted microencapsulated C2C12-angiostatin cells intraperitoneally into normal C57BL/6 mice. Serum samples from these mice were then examined for antiangiogenic activity on cultured HUVECs ( Fig.  2A) . A consistent level of delivery from day 7 to day 21 at ,5 mg of angiostatin per milliliter of serum was obtained ( Fig. 2A , normal control). As expected, the activities detected in serum samples from mock-treated normal animals (those receiving encapsulated C2C12 cells) were not significantly different from background, that is, normal untreated mouse serum ( Fig. 2A , mock control). Interestingly, when encapsulated angiostatin-expressing cells (C2C12-AST) were implanted into tumor-bearing mice, angiostatic activity in serum was not detected in the first 2 weeks after implantation but escalated rapidly in the following week (day 21) to .10 mg of angiostatin per milliliter of serum (( Fig. 2A, treated ; p # 0.01).
We hypothesized that the lack of systemic angiostatic activity in the first 2 weeks in treated mice bearing B16/neu tumors was in part due to sequestering of angiostatin to the tumors. We tested this hypothesis by again implanting encapsulated C2C12-angiostatin cells into tumor-bearing mice as described above. Then, on day 14 after tumor induction, tumors and peritoneal organs in immediate contact with the implanted capsules were harvested and tissue extracts were assayed for antiangiogenic activity (Fig. 2B) . It confirmed that in the presence of angiostatin-generating microcapsules, tumor tissue was highly enriched antiangiogenically (,80 ng of angiostatin per microgram of protein), whereas none of the peritoneal organs showed any significant antiangiogenic activity. Western blot analysis against the HA tag confirmed that the recombinant HA-tagged angiostatin was indeed present within the tumors on day 14 after tumor induction at high levels and on day 21 at a lower level (Fig.  2C) , consistent with the results from Fig. 2A .
The proof-of-principle experiment to show whether this treatment was an effective cancer therapy was to implant microencapsulated cells secreting angiostatin into tumor-bearing mice and monitor their tumor development and survival (Fig. 3) . Early microcapsule implantation on day 3 after tumor induction was shown to suppress tumor growth more effectively than implantation on day 7 (Fig. 3A , day 3 treated versus day 7 treated), and both groups showed less tumor growth than the mock-treated group implanted on day 7 with encapsulated nontransfected cells (Fig. 3A, mock treated) . There was no significant difference between the untreated control group and the mock treatment group. Day 3-treated tumors remained negligible in volume until approximately 18 days after tumor induction. In contrast, the day 7-treated group developed palpable tumors by day 11, but at a rate about half of that of the untreated and mock-treated groups. These results were mirrored by the survival (Fig. 3B ) of these groups of animals, showing that the efficacy of treatment was greater if the implantation was carried out earlier (day 3 versus day 7), whereas both treatment protocols showed efficacy when compared with mock-treated or untreated controls.
Several histological indices were quantified by examination of H&E-stained tumor sections (Fig. 4A-C ). These were morphometrically quantified and showed that tumor cell apoptosis (Fig. 4E ) and areas of necrosis (Fig. 4F ) increased significantly in treated animals (both at p , 0.001) compared with animals in the mock-treated and untreated groups. In contrast, tumor mitosis remained unchanged irrespective of the treatment method (Fig. 4D) .
The specific effect of the treatment on endothelial cells was investigated further by concurrent immunohistochemical staining for von Willebrand factor (vWF, an endothelial cell exclusive marker) and morphometric assessment of apoptosis ( Fig.  5D and E) . It was shown that the encapsulation treatment resulted in a significant decrease in vWF-positive cells in the tumor ( Fig. 5A and B versus Fig. 5C ) and was confirmed with morphometric analysis of vWF-positive cells per unit area of tumor (Fig. 5D) a Microencapsulated C2C12-angiostatin cells were either kept under normal tissue culture conditions (in vitro incubation) or implanted intraperitoneally into C57BL/6 mice (in vivo incubation). At weekly intervals, microcapsules were withdrawn either from the culture dishes or from killed animals and incubated under normal tissue culture conditions for 24 hr. The microcapsules were analyzed for viable cell number and the media were analyzed for antiangiogenic activity. Data are an average from triplicate samples 6 standard error of the mean.
FIG. 2.
Angiostatin delivery from microencapsulated cells. Mice were either injected with tumor cells or remained untreated. On day 3, 3 ml of microcapsules was implanted intraperitoneally into each mouse. Each mouse belonged to one of the following three groups: normal mice implanted with encapsulated C2C12-angiostatin cells (normal control); tumor-bearing mice implanted with encapsulated C2C12 cells (mock control); tumor-bearing mice implanted with encapsulated C2C12-Angiostatin cells (treated). (A) Antiangiostatic activity was assayed in mouse serum on various days after tumor induction. All values were normalized to untreated normal mouse serum. (B) Angiostatin activity was assayed in tumors and peritoneal organs adjacent to the implantation site of treated tumor-bearing mice on day 14 after tumor induction. Mice had received microcapsule treatment on day 7 [as opposed to day 3 in (A)] to allow for tumors of sufficient volume to develop for analysis. Values were normalized to complementary tissue samples from untreated mice. (C) Western blot analysis against the HA tag of the fusion protein was performed on tissue extracts from tumors removed from treated mice 1-2 weeks after capsule implantation and (days 7 and 14, respectively). The presence of an HA-tagged fusion protein was observed only in the treated tumor samples, with a more intense signal on day 14. (*p , 0.05; **p , 0.01.) trol). Furthermore, among the vWF-positive cells, there were those undergoing apoptosis (apoptotic index, ,65%) in treated tumors compared with that of the untreated control (5%) (Fig.  5E ). Control sections stained in the absence of a primary antibody remained unstained, verifying the specificity of the immunostaining for vWF. In addition, we were specific in designating a channel only in those structures showing a distinguishable erythrocyte-tumor interface. Hence, to the best of our judgment, and supported by our data, these vWF-deficient vessels are not artifacts.
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Efficacy of treatment on B16/neu tumor-bearing mice. Four groups of mice (each n 5 10, except for the day 3-treated group with n 5 6) were injected with B16/neu tumor cells on day 0. One group remained untreated as control (untreated), one group was treated with encapsulated but nontransfected C2C12 cells (mock treated), one group was treated with 3 ml of encapsulated C2C12-angiostatin cells on day 7 (day 7 treated), and one group was similarly treated on day 3 (day 3 treated). Tumor volume (A) and Kaplan-Meier survival (B) were monitored over time. Significant differences were obtained on day 21 between the mock and treated groups (p , 0.05 for the day 7-treated group; p , 0.01 for the day 3-treated group).
FIG. 4.
Tumor histological indices. Tumors were removed on day 14 after tumor induction and processed for H&E staining. Depictions of typical sections are provided as (A) untreated normal control; (B) mock-treated (receiving encapsulated C2C12 cells on day 7), and (C) angiostatin-treated tumor tissues (receiving encapsulated C2C12-AST cells on day 7). Photomicrographs were taken at low magnification (3100). Low-magnification photographs clearly show a greater area of necrotic zone (N) on angiostatin treatment compared with controls. Tumor mitotic index (D), apoptotic index (E), and necrotic index (F) were assessed by morphometric analysis of H&E-stained samples. Significant differences were observed in tumors treated with encapsulated angiostatin-secreting cells (***p , Although it was clear that the endothelial cell content of angiostatin-treated tumors was drastically reduced, tumors were eventually able to grow after the initial weeks or treatment (Fig.  3A) despite their apparent loss of vasculature. To assess what may be occurring in these tumors, we examined paraffin-embedded sections of 21-day tumor samples after a 2-week treatment with microencapsulated C2C12-angiostatin cells (or with microencapsulated C2C12 cells as a sham control) by im-
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FIG. 6. Vascular channels lack vWF-positive endothelial cells in treated tumors. Anti-vWF-stained tumor vasculature (day 21 after tumor induction; received encapsulated C2C12-AST cells on day 7) was assessed for endothelial cell content. Two-micron serial sections were stained with H&E (A, C, and E) and compared with adjacent sections stained for vWF (hematoxylin counterstained) (B, D, and F). Various types of tumor vasculature were observed to consist of vessel walls with a continuous perimeter of endothelial cells (A and B) , or with discontinuous staining for endothelial cells (C and D) , or with an absence of endothelial cells at the tumor-erythrocyte interface (E and F). Scale bars: 5 mm.
munohistochemical staining for vWF to identify tumor-associated endothelial cells (Fig. 6 ). There were normal blood vessels lined with vWF-positive endothelial cells within the tumors (Fig. 6A and B) . However, we also found extravasated erythrocytes within tumors that lacked an intact lining of vWFpositive endothelial cells ( Fig. 6C and D) or were even completely denuded of any endothelial lining ( Fig. 6E and F) . These areas of endothelial loss occurred predominantly in tumors from mice that received antiangiogenic therapy. This was confirmed by computer-aided morphometric analysis to blindly assess tumor vasculature according to endothelial cell content, that is, vasculature samples were grouped according to whether they included a continuous lining of endothelial cells (Fig. 7, all EC) , a partially lined vessel (Fig. 7, partial EC) , or erythrocyte islands with no discernible endothelial cells (Fig. 7, no EC) . It was clear that in the angiostatin-treated group, the proportion of vasculature without endothelial cell lining was significantly higher than that of the mock-treated animals. This increase was associated with a loss of vasculature with intact endothelial cell lining, and was accompanied by an increase in the proportion of vasculature that was incompletely lined with endothelial cells.
DISCUSSION
Antiangiogenic therapy of cancer by a similar immunoisolated nonautologous cell approach has been reported previously by two independent groups (Joki et al., 2001; Read et al., 2001) . Both groups had treated glioma models of cancer with xenogeneically derived cell lines genetically modified to secrete endostatin, a known angiogenic inhibitor . In this study, we chose an allogeneic cell line to transplant (C3H mouse-derived C2C12 cells implanted into C57BL/6 mice) as this better represents what we envision for future clinical application. Despite the differences in model systems, the aspects of antiangiogenic therapy delivered in this method are consistent. Joki et al. (2001) had shown a delay in tumor growth similar to that in this report (Fig. 3A) as well as decreased vascular density and an increased apoptotic rate with no change in tumor proliferation, as noted here in Fig. 4 . Increased tumor necrosis and improved survival were also noted in our study (Fig.  3B) , consistent with what was seen by Read et al. (2001) .
In the presence of tumor, no angiostatin was detected systemically in treated mice during the first 2 weeks despite obvious early efficacy ( Fig. 2A) . However, tumor extracts from these mice were enriched in angiostatic activity compared with untreated controls (Fig. 2B) , associated with the presence of recombinant HA-tagged angiostatin in the tumor (Fig. 2C) . The angiostatic activity observed in these mice was consistent with what is secreted from the microcapsules as derived from the data in Table 1 , taking into account the possible 2.0-to 2.5-day half-life of angiostatin (Hatton et al., 2001 ). It appears that a significant portion of the angiostatin delivered becomes localized at the tumor. It is currently unknown why angiostatin seems to localize to tumors, although potential receptors for angiostatin exist on proliferating endothelial cells (Moser et al., 1999) , which should be prevalent in tumors. Potential receptors reported for angiostatin include an ATP synthase on the surface of human endothelial cells (Moser et al., 1999) as well as a v b 3 -integrin (Tarui et al., 2001 (Tarui et al., , 2002 and vitronectin (Mulligan-Kehoe et al., 2001) . This may account for the angiostatin localization to the tumor instead of to other internal organs near the capsule implantation site (Fig. 2B) . When considering the amount of angiostatin in the whole tumor relative to the amount delivered to the mouse on a given day, there was approximately 1000-fold more antiangiogenic activity within treated tumors than expected (determined by extrapolating back from angiostatin per unit mass of protein to wet weight of tumor and tumor volume). Previous studies have shown that angiostatin could inhibit vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) mRNA generation in primary glioma tumors (Kirsch et al., 1998) . This may explain the high level of antiangiogenic activity in the angiostatin-treated tumors. The reduced tumor endothelial cell counts (and thereby the reduction in most tumor-exclusive receptors for angiostatin) may also explain the prevalence of angiostatin observed sys-CIRONE ET AL. 1074
FIG. 7.
Grouping of tumor vasculature according to endothelial cell content. Tumors harvested from mock-treated or treated mice were processed as described for Fig. 6 . Tumor vasculature was assessed in a blinded manner and quantified into units of vascular area per tumor sectional area. Vascular structures were thereafter grouped according to criteria defined in Fig. 6 . Values represent data from entire tumor sections (five per group) from triplicate mice per group. Statistical significance of angiostatin-treated samples relative to mock-treated samples: *p , 0.05; **p , 0.01. temically later in the treatment. In addition, because the angiostatin detected in the tumors still retained a molecular mass of 55 kDa (Fig. 2C) , no posttranslational proteolytic hydrolysis had occurred and the recombinant product was associated with antiangiogenic activity. The late detection of angiostatin in serum samples may indicate that the supply of potential receptors for angiostatin was being eliminated as tumor endothelial cells were eliminated. However, it is generally accepted that tumors require some form of vasculature to grow. Although endothelial cell counts per sectional tumor area showed a significant decrease on treatment with angiostatin, it was clear that the tumors were still able to progress eventually (Fig. 3A) . This indicates some method by which tumors escape growth inhibition by angiostatin treatment despite elimination of a majority of the endothelial cell content of these tumors. The increased prevalence of vascular channels devoid of endothelial cells on antiangiogenic treatment supports the hypothesis that there exists a mechanism by which tumors are able to sustain such a channel and thereby escape antiangiogenic therapy.
It is likely that some form of vascular mimicry is involved in maintaining the cancer. The term "vasculogenic mimicry" has been used to describe the generation of microvascular channels by genetically deregulated, aggressive tumor cells. This emphasizes their de novo generation without the participation of endothelial cells and independent of angiogenesis (Maniotis et al., 1999; Kobayashi et al., 2002; Shirakawa et al., 2002) . Tumor vascularization in the absence of endothelial cells (Pezzella et al., 1997; Maniotis et al., 1999) has been shown in these B16 tumors and has been previously observed in highly invasive and metastatic melanomas (Maniotis et al., 1999) . This would account for the lack of complete efficacy observed in the treatment of the B16/neu tumor model in the day 7-treated group (Fig. 3) despite favorable histological indices (Figs. 4 and 5 ) that would otherwise indicate sustained inhibition of melanoma growth.
From this work, several conclusions may be drawn. First, encapsulated myoblasts maintain a constant level of expression with respect to the CMV-driven angiostatin gene, and this low dose of angiostatin is sufficient to suppress tumor progression (Fig. 3) . Indeed, tumor tissues from such treatment show a net loss of angiogenic activity compared with untreated tumors, concurrent with a substantial decrease in tumor volume ( Fig.  2A) , increased apoptosis (Fig. 4E) , and increased necrosis (Fig.  4F) . Second, antiangiogenic-based therapy is not sufficient to eliminate tumors in the long term, especially if treatment is initiated late in the course of tumor progression ( Fig. 2A) . Tumors have been shown to be able to sustain their own vascular bed despite substantial loss of endothelial cells (Figs. 6 and 7) . Hence, the vascular mimicry that may occur in some tumor types will require careful molecular typing of tumors to ensure the exclusion of such tumors for treatment.
In summary, the use of microencapsulated cells to deliver angiostatin offers the potential to overcome some of the obstacles to the use of antiangiogenic protein therapy as outlined in a review (Cao, 2000) . Examples include the potentially lifelong, prolonged therapy, the repeated high-dose (grams per day) administrations, as well as the cost and risks of toxicity associated with such high doses. Hence, antiangiogenesis gene or cell-based therapy can target the growing population of genetically stable endothelial cells directly, and thereby inhibit tumor growth independently of tumor cell heterogeneity and tumor cell type (Kerbel, 1997) .
